Phospholipase D (PLD) activity, as measured by the transphosphatidylation of cellular phospholipids, is elevated in BALB/c 3T3 cells transformed by v-Src. Phorbol esters that activate protein kinase C (PKC) also increase PLC activity in BALB/c 3T3 cells. v-Src-induced PLD activity could be distinguished from phorbol ester-induced PLD activity by differential radiolabelling of phospholipids, which are the substrates of PLD. Both v-Src-and phorbol ester-induced PLD activity could be detected when phospholipids were prelabelled with either radiolabelled myristate or palmitate; however, only phorbol ester-induced PLD activity could be detected when either arachidonate or 1-O-alkyl-sn-glyceryl-3-phosphorylcholine (alkyl-lysoPC) was used to prelabel the phospholipids. The increased PLD activity in v-Src-transformed cells was not detected when the cells were prelabelled with either arachidonic acid or alkyl-lysoPC, which contains an ether linkage at sn-I of the glycerol backbone. As both arachidonic acid and alkyl-
INTRODUCTION
Protein kinase C (PKC) activity has been implicated in v-Srcinduced intracellular signals (Halsey et al., 1986; Sagara et al., 1986; Wolfman et al., 1987; Spangler et al., 1989; Nori et al., 1990; Qureshi et al., 1991) . Diacylglycerol (DG) is a second messenger that leads to the activation of PKC (Nishizuka, 1986) . We have previously demonstrated that v-Src-induced increases in DG are derived primarily from phosphatidylcholine (PC) via the action of a phospholipase D (PLD) and phosphatidic acid (PA) phosphatase (Song et al., 1991) . Several agonists have been reported to increase intracellular DG levels by activating PCspecific phospholipases (reviewed by Exton, 1990) . PC metabolism has been reported to be both dependent on PKC (Cabot et al., 1988; Billah et al., 1989a; Huang and Cabot, 1990; Martinson et al., 1990; Liscovitch, 1989; Price et al., 1989; van Blitterswijk et al., 1991; Hii et al., 1989 Hii et al., , 1991 Conricode et al., 1992) and independent of PKC (Billah et al., 1989a; Reinhold et al., 1990; Huang and Cabot, 1990; Yamada et al., 1991; Llahi and Fain, 1992) . It has been suggested that PKC is activated in response to a phospholipase C (PLC)-mediated hydrolysis of phosphatidylinositol (PI) 4,5-bisphosphate which is followed by a PKC-dependent activation of a PLD-mediated hydrolysis of PC to produce PA, which is subsequently hydrolysed to DG (Exton, 1990) . DG produced from PI phosphates has been reported to be rapidly converted into PA by DG kinase, whereas DGs produced from PC are poor substrates for DG kinase (Ford and Gross, 1990; Lee et al., 1991) . Thus there may be significant lysoPC are incorporated into phosphatidylcholine (PC), the substrate for v-Src-induced PLD activity, these data suggest that the PLD activated by v-Src can distinguish PCs lacking arachidonic acid and ether linkages. Consistent with v-Src activating a PLD activity that is distinct from that activated by phorbol esters that activate PKC directly, neither depleting cells of PKC nor treatment with the protein kinase inhibitor, staurosporine, had any effect on v-Src-induced PLD activity, whereas both PKC depletion and staurosporine inhibited phorbol ester-induced PLD activity. Taken together, these data suggest that v-Src activates a PKC-independent PLD activity that is specific for a subpopulation of PC and distinct from the PLD activity induced by PKC activity induced by phorbol esters. The diacylglycerol produced from PC by the action of the v-Srcinduced PLD may therefore be responsible for the activation of PKC by v-Src.
functional differences between the DGs produced from PC and PI. These differences can only be in the aliphatic groups attached to the glycerol backbone. DGs produced from PC are apparently more stable and give a more prolonged signal than DGs produced from PI. The greater stability of PC-derived DGs is consistent with the time course for PC-derived DG production induced by v-Src which peaks at 15-30 min after induction (Song et al., 1991) .
Although increased levels of inositol of phosphates in v-Srctransformed rat cells have been reported (Johnson et al., 1989) , these increased levels were not detected concomitantly with the production of DG (Song et al., 1991; Martins et al., 1989) . However, it is still possible that low levels of v-Src-induced DG could be derived from PI. Our previous report (Song et al., 1991) did not establish whether the activation of PKC by v-Src is required for v-Src-induced PC hydrolysis or whether the activation of PKC by v-Src is a consequence of v-Src-induced PC hydrolysis. In this report, we present data suggesting that v-Src activates a PLD activity that is specific for a subpopulation of PC and is independent of PKC activation. The potential significance of the unique DG species generated in v-Src-transformed cells from this subpopulation of PC is discussed. Extraction of phospholipase products Extraction of lipids was performed as described by Billah et al. (1989b) with minor modifications previously described (Song et al., 1991) . Cells were washed with isotonic Tris/saline buffer and rapidly treated with 0.6 ml of methanol/6 M HCI (25: 1, v/v). Lipids were extracted by the addition of 0.6 ml of chloroform. Phospholipid metabolites were characterized by t.l.c. (silica gel 60A plates) using procedures described previously (Song et al., 1991 (Ballester and Rosen, 1985) as described previously . We have found that the a isoform is the predominant species in the cell lines used here (C. Joseph and D. A. Foster, by Western-blot analysis. We have used this treatment several times to inhibit the induction of v-Src-responsive genes and promoter elements (Spangler et al., 1989; Qureshi et al., 1991 Qureshi et al., , 1992 . Thus this treatment is able to eliminate PKC species used for v-Src-induced intracellular signals.
MATERIALS AND METHODS

RESULTS
PLD activity Is elevated In v-Src-transformed cells
In the presence of a critical concentration of ethanol, PLDs catalyse the transphosphatidylation of substrate phospholipids to PEt (Kobayashi and Kanfer, 1987) . This procedure has been used extensively to demonstrate PLD activity (Billah et al., 1989a,b; Hii et al., 1989 Hii et al., , 1991 Liscovitch, 1989; Martinson et al., 1990; Randall et al., 1990; Huang and Cabot, 1990; Welsh et al., 1990; Reinhold et al., 1990; Balsinde and Mollinedo, 1991; Yamada et al., 1991) . Phorbol esters that activate PKC have been shown to induce transphosphatidylation in the presence of ethanol (Billah et al., 1989a; Hii et al., 1989 Hii et al., , 1991 Liscovitch, 1989; Huang and Cabot, 1990; Reinhold et al., 1990; Balsinde and Mollinedo, 1991; Yamada et al., 1991) . In BALB/c 3T3 cells, the addition of the phorbol ester, TPA, led to a large increase in PEt that was dependent on ethanol ( Figure la) . We have previously demonstrated that activating the protein-tyrosine kinase activity of v-Src in BALB/c 3T3 cells transformed by a temperature-sensitive derivative of v-Src led to an increase in PLD activity in BALB/c 3T3 cells (Song et al., 1991) . To characterize PLD activity in v-Src-transformed cells, we compared PLD activity in BALB/c 3T3 cells and BALB/c 3T3 cells transformed with the Schmidt-Rupin-D strain of Rous sarcoma virus (SRD cells). As shown in Figure 1 (b), the increased ethanol concentration that produced the TPA-induced increase in PEt led to a large increase in PEt levels in the SRD cells compared with the slight increase observed in the parental BALB/c 3T3 cells. To determine whether the protein-tyrosine kinase activity of v-Src was responsible for the increased PLD activity in SRD cells, we treated them with increasing concentrations of herbimycin A, which is an antibiotic that has been reported to reverse oncogenic transformation induced by vSrc (Uehara et al., 1989a,b) . It inhibits tyrosine phosphorylation mediated by v-Src and increases v-Src turnover (Uehara et al., 1989c) . We have previously found that treating SRD cells with herbimycin A led to a reduction in v-Src protein and v-Src kinase activity in vitro which was detected within 4-6 h . Therefore in this study, v-Src-transformed BALB/c 3T3 cells were treated with herbimycin A for 6 h. It inhibited transphosphatidylation in SRD cells by 60 % but had no effect on transphosphatidylation induced by TPA (Figure 1c ). These data suggest that the constitutive PLD activity in v-Srctransformed BALB/c 3T3 cells is a direct consequence of the protein-tyrosine kinase activity of v-Src. These data also distinguish v-Src-induced PLD activity from TPA-induced PLD activity in BALB/c 3T3 cells.
v-Src-induced PLD activity can be distinguished from phorbolester-induced PLO activity by differenUal substrate utilization
We have previously demonstrated that PC-derived DG produced in response to v-Src could not be detected when cells were prelabelled with [3H]arachidonic acid (Song et al., 1991) . Although [3H]arachidonic acid is incorporated preferentially into PIs (Swendsen et al., 1987; Takayama et al., 1987; Song et al., 1991) , it is also incorporated into the PC ofmurine fibroblasts (Song et al., 1991) . We therefore examined whether the transphosphatidylation products, observed in Figure 1 (b) using unpublished work). The prolonged phorbol ester treatment eliminated the a isoform within the limits of our ability to detect [Herbimycin Al (.ug/ml) [3H]myristate to prelabel phospholipids, could be detected when cells were prelabelled with [3H]arachidonate. PEt levels were examined in the presence of both low (0.1 %) and high (1.5 %)
concentrations of ethanol in SRD cells and BALB/c 3T3 cells in the presence and absence of TPA. As shown in Figure 2( Ether linkages are common in the sn-1 position of PC and can account for as much as 70 % of PC in some cells (Vance and Vance, 1985; Chilton and Connell, 1988) . BALB/c 3T3 and SRD cells were prelabelled with [3H]alkyl-lysoPC. As shown in demonstrated previously by Western-blot analysis using an antibody raised against a conserved region of the catalytic domain of PKC (Ballester and Rosen, 1985) that this treatment reduces PKC to undetectable levels. Ethanoldependent transphosphatidylation activity in v-Src transformed cells was not inhibited by depleting cells of PKC activity, whereas TPA-induced transphosphatidylation in BALB/C 3T3 cells was sensitive to PKC depletion (Figure 3a) . In fact, there was a small, but reproducible, increase in transphosphatidylation in v-Srctransformed cells that had been depleted of PKC (Figure 3a) . We next examined the effect of the protein kinase inhibitor staurosporine on v-Src-and TPA-induced transphosphatidylation. Staurosporine has been reported to inhibit PKC in vivo (Tamaoki et al., 1986 ) and we have found that at 500 nM, staurosporine blocks TPA-induced phosphorylation of the PKC substrate MARCKS (C. Joseph and D. A. Foster, unpublished work) . Staurosporine, like PKC depletion, had a small, but reproducible, stimulatory effect on transphosphatidylation in v-Src-transformed cells, while inhibiting TPA-induced transphosphatidylation (Figure 3b ). To establish that the lack of sensitivity of v-Src-induced PLD activity to PKC depletion was not simply a reflection of a difference in the different cell lines used, we examined the effect of PKC depletion and staurosporine on v-Src-induced PLD activity in BALB/c 3T3 cells transformed by the temperature-sensitive LA90 strain of Rous sarcoma virus (Maroney et al., 1992) . As shown in Table 2 , activating the kinase activity of v-Src induced increased PEt levels within 30 min as described previously (Song et al., 1991) . The v-Srcinduced increase in PEt levels was insensitive to both PKC depletion and staurosporine. When the LA90 cells were labelled with [3H]arachidonate, v-Src-induced increases in PEt were not observed. However, TPA-induced increases in PEt in LA90 cells can be detected and these increases were sensitive to PKC depletion ( Table 2 ). The data in Figures 3(a) and 3(b) and Table  2 suggest that the increased PLD activity in v-Src-transformed cells is independent of PKC. These data further distinguish the PLD activity induced by v-Src from that induced by phorbol esters that activate PKC and demonstrate that the activation of PLD activity by v-Src is independent of PKC.
We have previously demonstrated that DG produced in response to v-Src is derived from PC via a PLD/PA phosphatasemediated mechanism (Song et al., 1991) . The primary metabolite of PLD activity is PA, which can be converted into compounds other than DG, such as lyso-PA (van Corven et al., 1990) . Therefore it was possible that the v-Src-induced PA produced in response to the PLD activity observed in Figure 3 was not Table 2 v-Src-induced increases in PLC activity are Independent of PKC LA90 cells, which express a temperature-sensitive derivative of v-Src (Maroney et al., 1992) , maintained at the non-permissive temperature for v-Src (40°C) were either shifted to the permissive temperature for v-Src (34°C) or treated with TPA (100 ng/ml) for 30 min, and PEt levels were determined in cells labelled with either [3H] Table 3 v-Src-induced Increases in DG are independent of PKC LA90 cells maintained at the non-permissive temperature for v-Src (40 0C) were either shifted to the permissive temperature for v-Src (34°C), or treated with TPA (100 ng/mI) for 30 min as in Table 2 . The fold increase in DG in response to either v-Src or TPA in untreated LA90 cells, LA90 cells that had been depleted of PKC or LA90 cells that had been treated with staurosporine was calculated. LA90 cells were prelabelled with [3H]myristate, which is incorporated almost exclusively into PC, as described previously (Song et al., 1991) . The mean + S.E.M. of at least three experiments is reported. Similar data were obtained when TPA was added to BALB/c 3T3 cells. metabolized to the DG. We therefore examined whether v-Srcinduced increases in DG were also insensitive to PKC depletion and staurosporine. To examine v-Src-induced DG levels, we used the LA90 cells expressing the temperature-sensitive derivative of v-Src. As shown in Table 3 , v-Src-induced increases in DG were not significantly affected by either PKC depletion or staurosporine. In contrast, TPA-induced increases in DG were inhibited by these treatments ( Exton (1990) or Foster (1993) for review]. PLD activity leads to the production of PA, which can be converted into DG or other biologically active molecules including lyso-PA (van Corven et al., 1990) . PA has been reported to be biologically active by itself (Moritz et al., 1992) . We have previously demonstrated that v-Src-induced increases in DG are derived from PC via a PLD/PA phosphatase mechanism. As v-Src activates intracellular signals that are dependent on PKC (Spangler et al., 1989; Qureshi et al., 1991; Nori et al., 1990) , we suggested that the DG produced by this mechanism might be responsible for the activation of PKC (Song et al., 1991) . However, several reports have demonstrated that the activation of PLDs by a variety of agonists is blocked by depleting cells of PKC (Billah et al., 1989a; Hii et al., 1989 Hii et al., , 1991 Liscovitch, 1989; Huang and Cabot, 1990; Reinhold et al., 1990; Balsinde and Mollinedo, 1991; Yamada et al., 1991) or that PLD is activated by the addition of PKC to isolated membranes (Conricode et al., 1992 consistent with the hypothesis that v-Src activates a PLD that is specific for a subpopulation of PC lacking both arachidonic acid and ether linkages. As the production of DG from PC in response to v-Src is independent of PKC, it is possible that this PC-derived DG activates PKC. The DG produced in response to v-Src increases gradually to a maximum level approx. 30 min after activation of the kinase activity of v-Src (Song et al., 1991) . This gradual increase is slower and longer lived than that reported for the DGs produced by PLC-mediated hydrolysis of PIs (Exton, 1990; Fukami and Takenawa, 1989; Augert et al., 1989; Lee et al., 1991) . DGs produced in response to a variety of stimuli can vary considerably in their aliphatic components (Pessin and Rabin, 1989; Pessin et al., 1990; Leach et al., 1991) . It has also been shown that different classes of DGs, based on aliphatic composition, are differentially metabolized by DG kinase to PA (Ford and Gross, 1990) . Additionally, it has been shown that DGs produced from PCs are poor substrates for DG kinase relative to the DGs produced from PIs (Lee et al., 1991) . Thus it may be important that the DG produced in response to v-Src is derived from PC (Song et al., 1991) . It may also be important in this regard that v-Src-induced increases in both DG and PEt were not observed when cells were prelabelled with arachidonate ( Figure 2a ). Although arachidonate is incorporated preferentially into PI (Swendsen et al., 1987; Takayama et al., 1987) , it is also incorporated into the PC of these cells (Table 1) . In human neutrophils, PC containing arachidonate is predominantly of the sn-I alkyl ether class of phospholipid (Chilton and Connell, 1988) . Thus there may be a relationship between the lack of observable PLD activity when either alkyl-lysoPC or arachidonate is used to prelabel phospholipids. The activation by v-Src of a PLD that is specific for PCs lacking arachidonate and ether linkages may be important for producing DGs that are poor substrates for DG kinase, and thus lead to a more prolonged DG signal. In this regard, it may be important that, although TPA induced greater increases in transphosphatidylation than v-Src, the induction of DG production by v-Src and TPA were comparable (see Figures 2b and 2c and Table 3 ). Thus the PA produced in response to TPA is probably metabolized differently from that generated in response to v-Src, which is rapidly hydrolysed to DG (Song et al., 1991) . This further implicates the aliphatic composition of phospholipids as being biologically important, because, without the head group, the only structural differences are in the aliphatic components.
TPA was able to induce PLD activity when alkyl-lysoPC was used to prelabel cells. Therefore it is capable of activating a PLD that recognizes PC. As v-Src activates a PLD activity that is specific for PC (Song et al., 1991) but does not recognize the alkyl-PCs, the data presented here suggest that there are PLDs with substrate specificities for PCs with different aliphatic composition. The TPA-activated PLD(s) recognize PCs containing ether linkages in the sn-I position and possibly arachidonatecontaining PC, whereas v-Src-activated PLD(s) do not recognize PCs containing arachidonate or ether linkages, but do recognize PCs containing myristate and palmitate. The extent to which the specificity of PLDs for the aliphatic components of PC exists remains to be determined; however, the data presented here suggest that there are PLDs that can distinguish between PCs on the basis of their aliphatic makeup.
PKC has been implicated in the transduction of intracellular signals activated by v-Src (Halsey et al., 1986; Sagara et al., 1986; Wolfman et al., 1987; Spangler et al., 1989; Non et al., 1990; Qureshi et al., 1991 Figure 2) . Thus TPA probably activates additional PLD activity not activated by v-Src. Phorbol esters have been demonstrated to activate a PLD that hydrolyses PIs (Balsinde et al., 1988; Balsinde and Mollinedo, 1990) , which preferentially incorporate labelled arachidonate (Swendsen et al., 1987; Takayama et al., 1987; Song et al., 1991) . Thus TPA might be activating a PLD that is specific for PIs that are efficiently labelled with arachidonic acid. The lack of induction of this TPA-induced PLD by v-Src might be the result of additional signals, activated by v-Src, that downregulate the PLD(s) activated by direct activation of PKC with phorbol esters. In this regard, it may be important that v-Src also activates PKC-independent as well as PKC-dependent intracellular signals (Qureshi et al., 1991) . The PKC-independent signals activated by v-Src could modify or restrict the PLD activity that is activated in response to PKC. It is also possible that, as the DG produced in response to a v-Src differs from that produced in response to phorbol esters that activate PKC, the subspecies of DG produced in response to v-Src do not induce the same effects that phorbol esters induce. Kolesnick and Paley (1987) have previously demonstrated that phorbol esters and DGs can induce differential effects. Molecular details of this apparently complex intracellular signalling phenomenon remain to be determined, but preliminary data from our laboratory suggest that v-Src activates only a subset of PKC isoforms present in murine fibroblasts. Thus it is possible that the apparent aliphatic specificity demonstrated here may contribute to a selective activation of PKC isoforms.
